SYNOPSIS. Our interpretation of the evolution of development, morphology, and diversity of multicellular animals hinges on a clear understanding of the phylogenetic relationships of metazoans. Currently, the field of metazoan phylogeny is in a state of flux, with new hypotheses of metazoan relationships emerging from analyses of 18S rDNA sequence data. Some of these analyses have been limited in the numbers of taxa analyzed, others, with numerous taxa analyzed, have not resolved deep level branching patterns, and all are hampered by properties of the 18S gene itself. Corroboration of the results from 18S rDNA analyses can come from additional molecular data sets, such as highly conserved nuclear coding genes, mitochondria! gene order, or gene duplication events. The enormous task of data accumulation for additional molecular data from many representative taxa can most efficiently be undertaken in a coordinated, collaborative effort among different lab groups. Ultimately, a combined analysis of several independent data sets will be possible and may provide a more stable, robust phylogeny for the Metazoa.
INTRODUCTION
The diversification of multicellular animals has resulted in major lineages each characterized by a unique body plan and classified as a separate phylum. A robust phylogenetic hypothesis of relationships among these lineages is critical to our understanding of the evolution of metazoan development, morphology, and diversity. Traditional ideas about the phylogeny of metazoans have been based on the intuitive assessment of detailed comparative morphological and embryological studies. Over the past couple of decades, the application of phylogenetic methods has provided the opportunity for more rigorous evaluation of the data. Unfortunately, since phyla have been recognized for the unique features they display, shared derived morphological and embryological characters at the phylum level are rare, and their interpretation and scoring for phylogenetic analyses can be controversial {e.g., Schram, 1991; Eernisse et al, 1992; Backeljau et al, 1993; Schram and Ellis, 1994; Rouse and Fauchald, 1995; Nielsen et al, 1996) . As yet, no clear consensus on the relationships of the metazoan phyla has emerged from cladistic analyses of morphological and embryological characters.
Another source of characters for phylogenetic analyses of metazoan relationships is molecular data. With improved molecular sequencing techniques, it has become possible to quickly generate DNA sequences of particular genes from diverse taxa. In the case of deep-level metazoan relationships, molecular analyses have focused almost exclusively on the structural gene, 18S rDNA, that codes for small subunit ribosomal RNA {e.g., Field et al, 1988 (18S rRNA); Turbeville et al., 1991 Turbeville et al., , 1992 Turbeville et al., , 1994 Winnepenninckx et al., 1992 Telford and Holland, 1993; Friedrich and Tautz, 1995; Halanych, 1995 Halanych, , 1996a Halanych et al, 1995; Garey et al., 1996a , b\ Katayama et al., 1995 , 1996 Kim et al, 1996; Mackey et al, 1996; Aguinaldo et al, 1997; Carranza et al, 1997; Littlewood et al, 1998) . These analyses have produced several hypotheses that challenge traditional views of metazoan phylogeny, and, in many cases, prompt major changes in our interpretations of morphology and embryology. Considering this, it is important to critically examine the robustness of these hypotheses. In particular, alignment-specific effects, substitution rate effects, and taxonomic sampling effects of 18S rDNA analyses must be recognized and addressed. Furthermore, additional evidence that may corroborate or refute hypotheses based on 18S rDNA must be sought.
The goals of this paper are to briefly review some of the major new hypotheses of relationships among metazoan phyla that have been proposed based on 18S rDNA analyses, to present some of the problems associated with phylogenetic analyses of this gene, and to highlight the advantages of working with additional genes, particularly nuclear protein-coding genes. Finally, I want to advocate a broadscale, collaborative approach in which researchers coordinate their efforts such that efficient accumulation of different gene sequences for the same taxon exemplars from each clade is promoted. Such a collaborative approach will allow independent testing of 18S rDNA-based hypotheses and, ultimately, combined analyses of all data sets.
BACKGROUND

J8S rDNA
In 1988, Field et al published one of the pioneering studies of the early diversification of metazoan phyla based on molecular sequence data. This study stimulated a welcome revival of interest in the evolutionary relationships of metazoans that has produced numerous molecular analyses addressing the phylogenetic position and monophyly of many groups. The Field et al. (1988) study also set the small subunit ribosomal gene as the gene of choice for analyses of metazoans. Over the past decade, an extensive database of 18S rDNA sequences has been accumulated (see Van de Peer et al, 1998) and has been applied to phylogenetic questions in metazoan phylogeny. For example, in a study of the phylogenetic relationships of lophophorates (Bryozoa, Phoronida, and Brachiopoda), Halanych et al. (1995) analyzed 18S rDNA for 14 taxa representing 9 metazoan phyla. The resulting topology supported placement of the lophophorates in a protostome clade with molluscs and annelids. On the basis of these results, the name "Lophotrochozoa" was proposed for the group that includes the last common ancestor of the lophophorates, molluscs, and annelids, plus all of the descendants from that common ancestor. In another analysis of 18S rDNA sequences, a clade of molting taxa (including arthropods, onychophorans, tardigrades, nematodes, nematomorphs, kinorhynchs and priapulans) was supported and given the name "Ecdysozoa" (Aguinaldo et al., 1997) . Other 18S rDNA studies support hypotheses placing particular phyla within the metazoan tree, such as the placement of chaetognaths as non-deuterostome metazoans that arose prior to the evolution of coelomates (Telford and Holland, 1993) , the nemertine ribbon worms as true coelomates (Turbeville et al., 1992; , the playthelminthes as polyphyletic, with one clade closely related to protostome coelomates (Carranza et al., 1997) , tardigrades as sister to the Arthropoda (Garey et al, 1996a; Giribet et al, 1996) , and acanthocephalans as a clade within the Rotifera (Garey et al, 1996ft) .
18S rDNA sequences have also been used to resolve phylogenies at lower taxonomic levels, e.g., species of ascidians (Hadfield et al, 1995) , or genera of nematodes (Blaxter et al, 1998) . However, it is mainly in the use of this gene for deeper level analyses among highly divergent taxa, like metazoan phyla, that problems can arise. As a structural gene, 18S rRNA is comprised of highly conserved regions interspersed with variable regions; thus, alignment of ribosomal sequences can be difficult, because variable regions in each taxon can differ in length. In some cases, a secondary structure model is used to help in the alignment procedure {e.g., De Rijk and De Wachter, 1993; , but this is not yet the standard procedure in metazoan analyses. Ambiguous regions of alignment can result, and the results from rDNA data are dependent on the alignment chosen for analysis {e.g., Lake, 1991; Kjer, 1995; Wagele and Stan-jek, 1995; Wheeler, 1995; . To overcome this problem, ambiguous or unalignable regions are often excluded from the analyses (e.g., Halanych et al, 1995; Aguinaldo et al, 1997) .
Not only do substitution rates in 18S rDNA sequences vary across the molecule, they can also vary dramatically across metazoan taxa (Garey et al, 1996a, b; Halanych, 1996; Aguinaldo et al., 1997; Carranza et al., 1997; Huelsenbeck, 1997) . Inclusion of fast evolving taxa in an analysis can give misleading results, because they may share bases with other taxa due to convergence, through higher rates of nucleotide substitution, rather than shared ancestry. While this can be a problem with any phylogenetic method, parsimony analysis is particularly prone to so-called "long branch attraction" errors (Felsenstein, 1978; Huelsenbeck and Hillis, 1993) ; the ability of other methods (e.g., maximum likelihood) to recover the true phylogeny in the presence of long branch attraction is dependent on the assumed model of evolution.
Some authors choose to exclude taxa with relatively high substitution rates from their analyses (e.g., Aguinaldo et al., 1997) . While this approach may be justifiable, unfortunately it limits the number of taxa sampled in the analyses. It is known that use of different representative species for a clade, even different short-branch species, can produce conflicting hypotheses, each of which may be well supported by high bootstrap values (LeCointre et al., 1993; Philippe and Douzery, 1994) . This effect of species sampling can be dramatic in analyses with small numbers of taxa, and it should be noted that those 18S rDNA analyses upon which superclades (e.g., Lophotrochozoa, Ecdysozoa) have been named or new placements for phyla proposed are often limited to 20 or fewer taxa. Hillis (1996) suggests that the inclusion of large numbers of taxa in an analysis may provide the most accurate estimate of phylogenetic relationships, because increased taxon number increases the detection of phylogenetic signal against background noise (in the form of long branch attraction).
Even when thirty or more representative species are included in 18S rDNA analyses, the relationships among recognized metazoan phyla are poorly resolved (e.g., Mackey et al., 1996) . While some authors have suggested that this lack of resolution supports an explosive radiation of metazoans, possibly during the Cambrian (e.g., Erwin, 1991; Halanych, 1998) , this lack of resolution by analyses of 18S rDNA data might alternatively be interpreted as a reflection of how the gene itself evolved, i.e., 18S rDNA may simply lack the information necessary to resolve the branching order at this level in the tree (Abouheif et al., 1998) . The idea of an explosive radiation would be supported, however, if other genes also fail to resolve phylum-level relationships.
Other molecular data
Just as with the use of lone taxonomic exemplars from major groups, reliance on a single molecule can lead to unreliable hypotheses of phylogenetic relationships (Pamilo and Nei, 1988; Avise, 1994) and it is recognized that several unlinked genes will likely yield a more robust phylogenetic hypothesis (Miyamoto and Cracraft, 1991; Cummings et al., 1995) . Furthermore, it is unlikely that a single gene will recover the full phylogeny of metazoans. Different genes may be informative at different hierarchical levels in an analysis or different regions of the tree; therefore, a combined analysis of several genes may be the best approach if the metazoan tree is to be fully resolved.
In selecting genes for the phylogenetic analysis of a group of taxa, the primary considerations are the rate at which the gene sequences evolve and the level of signal in the data (e.g., see Graybeal, 1994) . Considering these factors, several authors have been exploring the utility of single or low copy number, highly conserved, nuclear coding genes in analyses of metazoan phylogeny (Friedlander et al, 1992 (Friedlander et al, , 1994 Sidow and Thomas, 1994; Shultz, 1997, 1998) . Coding gene sequences can be directly translated into amino acid sequences, therefore their alignment is straightforward; they can also provide phy-logenetically informative sites at the amino acid or nucleotide level. Several candidate genes for analysis of deep-level divergences among metazoans were proposed by Friedlander et al. (1992 Friedlander et al. ( , 1994 and Sidow and Thomas (1994) ; of these, only two have yet been used for phylogenetic analyses of ancient metazoan divergences.
The nuclear protein-coding gene elongation factor-la (EF-la) is involved in the transport of tRNAs to the ribosome during translation, and is highly conserved in its amino acid sequence across a wide taxonomic range (Friedlander et al, 1992 (Friedlander et al, , 1994 . While nucleotide sequences of this gene have been informative in analysis of recent insect radiations (e.g., Cho et al, 1995) , EF-la amino acid sequences have been used in several studies of ancient divergences among eukaryotes (e.g., Rivera and Lake, 1992; Hasegawa et al, 1993; Nordnes et al, 1994; Hashimoto et al, 1995; Kobayashi et al, 1996; Kamaishi et al, 1996) . For metazoan studies, EF-la has been effective in phylogenetic analyses of early divergences among coelomate worms (Kojima et al, 1993; McHugh, 1997; Kojima, 1998 ) and major arthropod groups Shultz, 1997, 1998) .
Further exploration of the phylogenetic utility of EF-la in higher level analyses of metazoans is certainly warranted, and an EF-la database for over 70 taxa representing 20 metazoan phyla is currently being analyzed (D. McHugh, unpublished data). Caution must be taken in analyzing EF-la sequences, however, because a second copy of the gene has been reported in Drosophila melanogaster (Walldorf et al, 1985; Hovemann et al, 1988) and in bees (Danforth and Ji, 1998) , and additional copies are known for the crustacean Artemia (Lenstra et al, 1986) , and mammals (Roth et al, 1987; Brands et al, 1986) . In dipterans and hymenopterans, the copies apparently represent parallel, independent duplications (Danforth and Ji, 1998) , and in the dipteran the two copies are known to be expressed at different stages of the life cycle (Hovemann et al, 1988) ; the relationships among the gene copies in other taxa have not been fully explored.
The phylogenetic information in the largest subunit of the RNA polymerase II gene (POLII) has been virtually untapped to date, despite recent studies showing that this highly conserved nuclear gene appears to be an appropriate molecule for addressing the early diversification of metazoans (Friedlander et al, 1992 (Friedlander et al, , 1994 Sidow and Thomas, 1994) . RNA polymerase II has proven useful in analyses of arthropod (Regier and Shultz, 1997) and annelid (D.
McHugh, unpublished data) relationships dating minimally from the Cambrian, and may prove fruitful in phylogenetic analysis of other groups with comparable divergence times. Another elongation factor gene, EF-2, has been suggested as a potential source of phylogenetic information for deep level analyses of metazoans (Friedlander et al, 1994; Regier and Shultz, 1998) , and other highly conserved, single or low copy-number nuclear genes of > 1,000 bp also await further investigation, e.g., enolase and Na + / K + ATPase (Friedlander et al, 1992) . Several smaller nuclear proteins may also provide characters for deep level phylogenetic analyses of metazoans. In many cases, however, these smaller genes are members of gene families or are multiple copy genes; in addition, they may show insufficient sequence divergence across metazoans. For example, ubiquitin is a short gene that occurs as continuous tandem repeats that evolve in concert (Tan et al, 1993) . It is one of the most highly conserved proteins known (Sharp and Li, 1987) , and is so conserved that its phylogenetic utility is very limited (Wheeler et al, 1993; Wray and DeSalle, 1994; Vrana and Wheeler, 1996) . Histones are abundant proteins that occur in multiple copies. Like ubiquitin, histones are so highly conserved in their amino acid sequences across wide taxonomic divergences that they may not yield much phylogenetic information; for example, there are only two amino acid differences between the H4 sequences of a mammal and a plant. Other small proteins that may be worthwhile exploring for metazoan relationships include calmodulin, actin, and a-, (J-, and 7-tubulin. These proteins have previously been used in phylogenetic studies of early eukaryote divergences (e.g., Keeling and Doolittle, 1996; Baldauf and Palmer, 1993) .
Genomes can provide other information besides nucleotide or amino acid sequences for phylogenetic analyses. For example, the order of gene arrangement on the mitochondrial genome (Boore and Brown, 1994; Boore et al, 1995 Boore et al, , 1998 and gene duplication events {e.g., Holland and Garcia-Fernandez, 1996; Balavoine, 1997 Balavoine, , 1998 Brooke et al, 1998) are receiving increased attention and are proving powerful in helping to discern higher level relationships among metazoans. Another set of genomiclevel characters, shared intron positions in nuclear coding genes, has not yet been used in phylogenetic analyses of metazoans.
FUTURE DIRECTIONS
Progress over the past decade in the field of molecular systematics of metazoan phyla has been limited almost exclusively to analyses of 18S rDNA. These analyses, while often limited in their sampling of taxa or hampered by properties of the 18S rDNA gene, have been of great importance in presenting alternative hypotheses of metazoan relationships. The task now is to test these single-gene hypotheses using new data sets and increased taxonomic sampling. The amount of effort that has been focused on gathering 18S rDNA is impressive and has yielded an enormous database. Obviously, a great deal of effort will also be required to build up large new data sets for other genes, but the task could be accelerated by coordination among lab groups. For example, different lab groups could work on different genes or different taxonomic groups. In any such coordinated approach, it is essential to sample the same taxa for different genes, so that ultimately a combined analysis of all data sets will be possible. In anticipation of increased cooperation among lab groups, a web page has recently been launched where researchers entering the field and established researchers in the field can exchange information on the material and genes they are using (http:// biogeek.ucdavis.edu/phylogeny/metazoan.htm) (M. Hart, personal communication). Plans for a research coordination group in metazoan phylogeny, similar to that already in place for green plant phylogeny (see http://ucjeps.herb.berkeley.edu/bryolab/ greenplantpage.html; Mishler et al., 1994) , are also underway (contact dmchugh@mail. colgate.edu).
With recent fossil findings (Li et al., 1998; Xiao et al, 1998) and molecular clock analyses (Wray et al., 1996; Ayala et al., 1998) pushing the timing of the metazoan radiation back to the Precambrian, and new hypotheses of evolutionary relationships among metazoans emerging from 18S rDNA data, our views on metazoan phylogeny are in a great state of flux. Over the coming years, with the accumulation of new molecular data, increased taxonomic representation in analyses, and ultimately the combined analyses of several independent data sets, we can hope for a robust, stable phylogenetic hypothesis for the metazoan branch of the tree of life. ACKNOWLEDGMENTS I thank Ken Halanych for helping me to co-organize the symposium on metazoan phylogeny. I also thank him, Andy Anderson, Colin Meiklejohn, Akiko Okusu, Joe Staton and one anonymous reviewer for their comments on this manuscript.
